A genomics analysis on sulphur metabolism has been conducted at the level of transcriptomics and metabolomics. The analysis of these data after applying bioinformatic tools is to reveal novel findings. The findings are discussed and the knowledge obtained from comparable analyses on sulphur metabolism and other plant nutrient genomic studies is reviewed. The analysis of the response of the transcriptome and metabolome to sulphur deprivation in the growth medium provides a tool set for the analysis of comparable genomics studies of other nutrients. The goal of this 'sulphobolomics' (i.e. sulphur genomics and metabolome analysis) approach, and of other investigations, is to describe in a holistic way the biochemical, molecular, and physiological response of a plant to nutrient starvation, here sulphate, or, more generally, to alterations and imbalances in nutrient availability. Eventually, this analysis will provide a case study for a systems biology approach.
Introduction
Immobile vascular land plants need to adapt to environmental conditions such as CO 2 uptake from the atmosphere and uptake of water and nutrient minerals from the pedosphere. Nutrient availability is determined by the mineral composition resident in the soil, its accessibility, and the water supply conditions such as capillary, surface or groundwater carrying ions. Efficient constitutive and inducible uptake systems, i.e. ion transporters which are often specific for certain nutrients, the ability of explorative root growth, and mineral solubilization, for example, by citrate extrusion, allow uptake even against concentration gradients (Grossmann and Takahashi, 2001) . These mechanisms are then coupled with internal transport, nutrient ion assimilation, storage, and remobilization to provide a stable interior for the biosynthesis of organic molecules. Biotic factors might well contribute to this scenario, for example, symbiosis with nitrogen-fixing bacteria allows growth on low-nitrogen-containing soils or fungal mycorrhiza provide their partners with minerals, both in exchange for carbohydrates abundantly produced in the process of photosynthesis. Plants have developed a vast repertoire of physiologically adaptive mechanisms to exploit these resources optimally.
Plant biochemistry, molecular biology, and physiology have described the linear routes of ion uptake, assimilation, and the biosynthesis of the various biomolecules in great detail, predominantly the formation of the covalently bound 'C-N', 'C-P', and 'C-S' compounds or co-ordinated metal ions such as iron, magnesium, or zinc, the latter often contributing to the biological activity of proteins or their co-factors (for a review see Buchanan et al., 2000) . A more holistic approach to understanding the interacting network or biochemical and informational web within plants has become available only recently with the development of multiparallel, highly sensitive, and high throughput techniques (Johnston, 1998; Minorsky, 2003) . These approaches are directed towards obtaining profiles of cellular or tissue responses to varying conditions, either developmental or environmental. Such array technologies allow scoring of the transcriptome which is the full RNA complement at a given state, an approach which is termed transcriptomics. Transcripts are further translated to enzymes which exert their respective activities. Thus, the ultimate response of the plant cell is the resulting composition of metabolites as a result of complex biosynthetic processes and regulatory circuits. This pattern describes the homeostatic state of the plant's metabolism.Therefore, the metabolite composition of a cellor organism, the metabolome, is linked to the transcriptome and to the physiological state of the plant.
Transcriptomics and metabolomics, i.e. the analysis of the RNA and metabolite profiles, are therefore suitable for describing the web of plant metabolism and physiology and for describing the systems response of the plant. To complement this matrix in order to describe the system fully and to allow predictions of the systems response, further refinement and experimental data will be necessary. Proteomics, enzyme activity profiling, and flux analyses will contribute substantially to this endeavour. However, the combination of metabolomics and transcriptomics will describe and unravel complex biological system relations leading to a breakthrough in plant systems biology of plant nutrient metabolism.
Genomics approaches usually result in an enormous amount of primary data. Of key importance for a deeper understanding of the 'data flood', as provided by these high throughput multiparallel analytical approaches, is the use, adaptation, or development of mathematical and statistical tools starting from the set-up of the experimental design to data evaluation, mining, and model building. Bioinformatics encounters a number of problems inherent for biological systems analysis despite all efforts of standardizing the plant material or the experimental conditions such as inappropriate sample sizes, highly variable, and sometimes confusing data. Dealing with these problems is discussed in this paper. Owing to the high number of unknown and uncontrollable parameters, systems biology approaches must not only integrate biology, biochemistry, molecular biology, and mathematics, but also need to account for ecology, breeding, statistical experimental design, and might even be driven to include knowledge derived from systems analysis in the social sciences and economy.
The first genomic studies have been applied to the major mineral nutrients, such as N, S, P, Fe, Cu, Zc, K, and Ca (Wang R et al., 2000 (Wang R et al., , 2003 Wang Y-H et al., 2001 Wang Y-H et al., , 2002 Crawford and Forde, 2003; Hammond et al., 2003; Wu et al., 2003; Nikiforova et al., 2003; Hirai et al., 2003; Maruyama-Nakashita et al., 2003; Wintz et al., 2003; Thimm et al., 2001; Buckhout and Thimm, 2003; Negishi et al., 2002; Maathuis et al., 2003) . Usually, plants grown under standardized conditions, such as climate-controlled greenhouses or growth chambers, are challenged with alterations in respect of nutrient ion concentrations. The plant responses to these alterations are monitored at certain time points of either depletion of the nutrient or resupply after starvation. As the whole plant system is exposed to this alteration, not only immediate responses have been observed, but also further effects are relayed through the network as a whole. Whether these effects are viewed as an integral part of the response to a given stimulus or as 'downstream', 'secondary', or 'pleiotropic' effects is more a philosophical or semantic question. One might distinguish between 'sulphur-starvation-induced' genes and 'sulphurresponse-related' genes. The fact is that a cascade of responses, as identified at the transcriptome and metabolome level, will lead to a distortion of the biochemicalphysiological network from a current to a new, adapted level of homeostasis, unless continued starvation drives the system to destruction. The entire development of the series of responses is viewed as the 'sulphur-starvation response'.
In this study, a systems analysis of the response of Arabidopsis thaliana to sulphur starvation using transcriptome and metabolome profiling as a case study for attaining a deeper understanding of plant nutrient physiology is described.
Sulphur metabolism in plants
Sulphur is one of the major plant nutrients amounting to about 10% of the total N content (Haneklaus et al., 2003; Hell and Rennenberg, 1998) . Sulphur metabolism has been characterized in detail at the biochemical and molecular levels (Miflin and Lea, 1990; Bryan, 1990; Schmidt and Jäger, 1992; Matthews, 1999; Leustek et al., 2000; Saito, 1999; Hell et al., 2002; Hesse and Hoefgen, 2003) and has been shown to be intimately interactive with many parts of plant metabolism and physiology (Fig. 1) . As an example of general nutrient response in plants, the response of Arabidopsis thaliana to continued deprivation of sulphate in the growth medium is described here. Treated plants have been subjected to a multiparallel, high-throughput analysis on the transcriptome and metabolome level independently in three laboratories (Nikiforova et al., 2003; Hirai et al., 2003; Maruyama-Nakashita et al., 2003) . Sulphur is usually taken up by the roots as sulphate through the activity of sulphate transporters (Saito, 2000; Takahashi et al., 2000; Hawkesford, 2000 Hawkesford, , 2003 Hawkesford and Wray, 2000; Hawkesford et al., 2003; Leustek and Saito, 1999; Grossmann and Takahashi, 2001 ) and then transported in the xylem stream to the leaves where it is reduced to sulphide. A side branch leads to sulpholipids (Benning, 1998) . Eventually, the reduced sulphide is incorporated into activated serine, O-acetylserine, to form cysteine, thus linking glycine-serine metabolism to sulphur metabolism (Bryan, 1990; Hell, 1997; Saito, 2000) . Cysteine itself serves as a building stone for all further derived reduced sulphur containing compounds such as methionine, proteins, glutathione, phytochelatines, biotine, thiamine, Sadenosylmethionine (SAM), glucosinolates, and others ( Fig. 1) . In particular, the methionine, SAM, branch is of high importance as SAM serves as the major methyl-group donor in plant metabolism and is, therefore, involved in numerous biosynthetic activities.
Sulphur availability is limited in certain soils and affects plant vigour and crop yield (Haneklaus et al., 1997) . Sulphur starvation leads to various phenotypically visible phenotypical alterations (Fig. 2) . The first of these is chlorosis of the younger leaves, accumulation of anthocyanins, bending of the leaf blade, and enhanced root growth (Nikiforova et al., 2003; Lopez-Bucio et al., 2003) . These symptoms are also partially shared by other nutrient stresses, such as nitrate Forde, 1998, 2000) , or phosphate starvation, which already indicates that distinct stresses might, in part, use common signalling paths with specific response-control elements providing specificity. It is notable that owing to the storage of sulphate in the vacuole and the presence of a pool of thiol compounds, such as glutathione, the development of symptoms is a slow and gradual process. Therefore, it must be assumed that various local, systemic, and time-dependent regulation steps occur in a series of responses. As the major site of sulphate uptake is the root, but the major site of reduction and biosynthetic need is the leaf, it has further to be assumed that the evolution of the signalling mechanisms is in both directions. Thus, plants subjected to sulphur deprivation provide a good model to establish a systematic analysis of nutrient metabolism.
Plant material and sampling
Transcript profiling provides a basis to describe one level of the complex responses of a plant to developmental or environmental changes (Johnston, 1998; Schena et al., 1998; Desprez et al., 1998; Kehoe et al., 1999; Ohlrogge and Benning, 2000) . In order to apply this technology to the investigation of plant sulphur metabolism, Arabidopsis seedlings have been subjected to four time points of sulphur starvation (6 d and 10 d after pregrowth on sulphate sufficient medium for 8 d, termed, consecutively, 6 and 10-1, and 10 d and 13 d when sown directly on a sulphatedepleted medium, termed 10-2 and 13) as described by Nikiforova et al. (2003) . Whole seedlings were sampled in five repetitions of pooled plant material just before and shortly after the appearance of the visible symptoms, chlorosis, and growth retardation as determined in preexperiments. This material was aliquoted and used for the profiling of transcript levels and of metabolite levels.
Data acquisition: transcriptomics
Transcriptome analysis was conducted using a cDNA EST collection of 15 442 clones comprising about 7200 individual genes spotted on nylon filters, and hybridization was done again in five repetitions each, as an aid for statistical accuracy (Nikiforova et al., 2003) . The data were used to calculate ratios of expression levels comparing steady-state transcript amounts under sulphur-deficient and sulphur-sufficient growth conditions. This resulted in a catalogue of the expression profile exhibiting statistically significant ratios of inductions or reductions of gene Hirai et al. (2003) , by applying 48 h sulphur depletion, and Maruyama-Nakashita et al. (2003), by analysing plant material starved for 24 h continuously for sulphate, both using A. thaliana. Sorting the responding genes (ratio >2 or <0.5 for transcription factors and >2.5 or <0.4 for all the others) of all four experimental points into functional categories (MIPS Arabidopsis thaliana data base; MATDB) genes of various functional classes are pulled away from equilibrium in both up-and down-regulated genes; amongst them about 35% genes of hitherto unknown function. In summary, 5548 clones show significant alterations, 60% up and 40% down. The responses in the various categories, depicted as ratio up-to-down, show characteristic patterns for the four experimental time points within the classes (Fig. 4) or also in summary (Fig. 5) . As a general conclusion, it can be deduced that, after 13 d starvation, genes of all functional categories showed a tendency for downregulation. At the first three data points most categories show a tendency for over-expression, however, the greater number of genes in the classes 'transcription' and 'energy' are more down-regulated.
As the causal relationships are not immediately evident, various approaches can be applied to deduce functional relationships. Overlaying the results to known pathway architecture, for example, yielded the relationship between the sulphur-serine metabolism and the tryptophanglucosinolate-auxin metabolism complex (Nikiforova et al., 2003; Kutz et al., 2002) . This provided a potential link and explanation of one of the major phenotypical symptoms: root growth as triggered by auxin increase. A specific nitrilase III, only induced under sulphur-limiting conditions, might provide specificity in this general stressresponse pathway. This is further supported by the finding of EST macro-arrays consisting of 15442 spotted clones corresponding to about 7200 unique genes were hybridized to RNA of A. thaliana seedlings grown on -S medium with residual 8% sulphate for 10 d. The medium was solidified with agarose. Five repetitions of pooled plant samples were analysed. Each spot represents a response of one EST clone with its average expression value of the five repetitions under normal conditions as the coordinate of axis X, and an average expression value under sulphur deficiency as the coordinate of axis Y (log-log scale). The scatterplot cloud of all analysed clones follows a distribution along the diagonal indicating the technical correctness of the data (A). In order to select relevant signals from noise, statistical significance, and a threshold for acceptable ratios for expression changes were imposed. When introducing a statistical significance limit (P<0.05), insignificant results are discarded (B). Of the remaining 2031 ESTs, 345 are up-regulated more than 2.5-fold and 160 are reduced by a factor less than 0.4 (C).
nine auxin-induced genes among the differentially responding genes (Nikiforova et al., 2003) .
Data acquisition: metabolomics
Transcript data, however, are only one manifestation of the response. Transcripts need to be converted to proteins to affect metabolism. The activity changes in the resulting enzymes eventually alter the metabolic state, adapting plant metabolism to the environmental challenge, here of reduced sulphur availability. Unlike transcriptomics, based on the analysis of a uniform molecule class, i.e. RNA, metabolite profiling obviously requires an arsenal of analytical tools owing to the diverse structures, properties, and sizes representing the plant's chemical composition, the metabolome (Fiehn et al., 2000 Sumner et al., 2003; Stitt and Fernie, 2003) . Experimental tools in use are element analysis via ICP-AES, ion analysis via HPLC or CE, specific HPLC analyses as, for example, for amino acids and thiols, and highly random, high-throughput approaches based mainly on mass spectrometry combined with various prior separation tools such as GC-MS, GC-TOF, LC-MS (Roessner et al., 2001; Fiehn, 2002; Fiehn and Weckwerth, 2003; Wagner et al., 2003) , or others such as NMR techniques (Ward et al., 2003; Ott et al., 2003; Defernez and Colquhoun, 2003; Le Gall et al., 2003) . Therefore, it is possible to catalogue, qualitatively and quantitatively, several hundred to a thousand metabolites in a given tissue. A high number of detectable peaks in chromatograms is not yet identified, in the same way that not all potential ORFs of the transcriptome are annotated. A further problem for general and broad application, especially of GC technologies, is the 'matrix dependency' of the sample analysis.
Compounds in different tissues of a given species, or when compared in different species, show slight shifts in their peak positions, thus providing problems for automated analysis. In addition, there are problems with calibration and quantification for certain metabolites. Taken together, metabolomics has reached a resolution where it can serve to provide a system-oriented characterization of gene function, and cellular and physiological responses, although it still needs further improvement (Stitt and Fernie, 2003) . The metabolome of sulphur-starved plants of the abovementioned experimental set of sulphur-deprived Arabidopsis thaliana seedlings, including shorter starvation times of 3, 6, and 48 h (unpublished data) was analysed. 315 peakforming derivatized metabolites were detected using gas chromatography-mass spectrometry (GC-MS) analysis While transcript levels showed a dynamic response, the amounts of altered metabolites reached relatively constant levels quickly. The content of total S determined by ICP-AES at time points 2, 3, 4, and 5 is 43.0%, 30.1%, 29.9%, and 27.2%, respectively, of control levels. Time point 1 has not been determined. (Roessner et al., 2001) , among which 110 derivatives of 82 non-redundant chemical compounds were identified.
A summary sketch depicts the response development of the transcript profile and the metabolite profile, distinguished for up-and down-regulated genes and metabolites for 2, 6, 10, and 13 d starvation ( Fig. 5; for details of the experimental set up, see Nikiforova et al., 2003) . Data points are sorted such that 1, 2, and 3 are plants, respectively, with seedlings not showing any macroscopically visible phenotype due to starvation, while data points 4 and 5 are derived from seedlings where extended starvation of sulphate led to chlorosis, anthocyanin accumulation, and growth reduction compared with the controls. The graph serves to illustrate that the response of the transcriptome depicted as percentages of altered gene expression is dynamic with few changes after 2 d starvation (data point 1, Fig. 5 ) and increasing response with a maximum at data point 3 (17% up-regulated, 8% of all genes down-regulated). With the increasing accumulation of phenotypical alterations, the number of up-regulated genes is reduced, while finally (data point 5) a deregulation of gene expression can be observed with about 20% of all genes down-regulated in expression and only 7% still upregulated. Despite the different experimental background of the single data points (cf. text of Fig. 5) indicative trends, such as a general breakdown of transcription upon prolonged sulphate deprivation, can be deduced which will be exploited in future experimentation.
At the metabolite level the amount of altered metabolites at 2 d of starvation (data point 1, Fig. 5 ) is also low as is the case for the transcripts. However, the up-regulated metabolite contents reach a relatively constant level of about 35% quickly, while reduced metabolite concentrations stay constant over all time points at about 10%. The metabolite profile does not mirror the transcript profile and the observed breakdown of transcription. It was speculated that at still later time points this would also be the case. The timing of both events is of interest. While transcript response develops gradually, metabolites quickly reach a new, stable status. This might indicate that small alterations at the transcript level early in starvation-response development trigger a shift in the metabolite composition moving the plant homeostasis at the status of sulphur sufficiency to a new homeostatic state under sulphur deficiency which is being kept constant despite enduring starvation. Time-dependent alterations of transcript and metabolite levels are a result of continuous gene action for maintaining viability. To produce such a response via the simultaneous action of a large number of elements, a system needs to be highly co-ordinated, and elemental behaviour should be coherent rather than complex (Kitano, 2002) .
Taking a subset of metabolites, for example, elements from sulphur metabolism, the aspartate family and linked pathways such as glutathione and putrescine/polyamine, the response development can be visualized by plotting the metabolite concentration versus time of starvation, here represented as a grid (Fig. 6 ). Metabolites directly dependent on reduced sulphur supply, such as cysteine and glutathione, and, unexpectedly, lysine are decreasing; others increase in amount (OAS and serine as precursors of cysteine, tryptophan, and putrescine due to the decrease of SAM (not shown here)). At the same time, metabolites of the aspartate family remain mainly unaffected (aspartate, threonine, isoleucine, and even methionine). Methionine seems to be kept constant despite the starvation of sulphur as an indispensable part of the SAM methylation cycle. It has been shown previously that at least two of the enzymes involved in the SAM recycling to methionine are induced under sulphur starvation, adenosylhomocysteinase, and SAM synthetase (Nikiforova et al., 2003) . For the network construction and the analysis of the systems response these data indicate the reliability of the metabolite profiling data obtained from GC-MS, LC-MS, HPLC and ICP-AES analysis integrated to a joint matrix actually visualizing the cluster of co-regulated metabolites.
Data interpretation: biochemistry and bioinformatics
Analysis of genomic data is still not a routine task. Many studies are confined to the identification of the most highly induced or repressed transcripts/metabolites. However, this strikingly neglects the wealth of information inherently contained in a full-profile analysis. Such a confined analysis will not help to unravel the response of a whole system, or to describe the complex network. It does not yet allow elucidation beyond that achieved so marvellously through biochemical and molecular analysis in the past decades. A step forward was to overlay the transcriptome and metabolome results on the known biochemical pathways in a biased, knowledge-driven approach. This enables research to focus on certain pathways and interactions of pathways (Nikiforova et al., 2003; Buckhout and Thimm; , a task that can be achieved, for example, using web tools such as AraCyc (http://www.arabidopsis.org/tools/aracyc/) or Mapman (Thimm et al., 2004) which visualize the results on biochemical pathways.
Bioinformatic tools allow biologists to move beyond cataloguing and simple linear interpretations to increasing the understanding of how network components interact (Fiehn et al., 2000 Girke et al., 2000 Girke et al., , 2003 Jasny and Ray, 2003; Bray, 2003; Alon, 2003; Stitt and Fernie, 2003) . Statistical tools are available, or being established, to exploit, extract, and mine raw data to perform correlation analyses and deduce matrices and networks. Furthermore, as both data sets rely on ratios between an experimental and a control state, it is possible to fuse metabolome and transcriptome databases. Combined analyses have been performed, however, mainly on a few metabolites to transcriptome data or on pairwise correlations (Askenazi et al., 2003; Urbanczyk-Wochniak et al., 2003) . The analytical web-based tool that was applied to analyse sulphur-nutrient deprivation, which combines different statistical methods to analyse transcript and metabolic data, is MetaGeneAlyse (http://metagenealyse.mpimp-golm.mpg.de; Daub et al., 2003) .
A huge number of changes could be observed, both on the transcript and the metabolite level, a number of them apparently 'unrelated' to sulphur metabolism as far as current knowledge stands (Nikiforova et al., 2003; Hirai et al., 2003; Maruyama-Nakashita et al., 2003) . Yet, these effects, which used to be termed 'pleiotropic' describing the fact that they are observed, but their relationship to the original cause of the physiological response is unknown, also belong to the response development of sulphur deprivation in plants. As sulphur is integrated into a densely woven biochemical and regulatory network (Fig. 1) , effects on what has been viewed previously as unrelated pathways are a logical consequence of network properties of biological systems.
In conclusion, an attempt was made to reconstruct a 'hypo-sulphur' response network, where similarities in the patterns of element behaviour were regarded as a measure of their coherence (Kitano, 2002) . Simply put: the more two patterns are alike over time, the closer the correlation and their positioning in the response network. The way forward will be governed by the following notions. In this analysis of sulphur-nutrient deprivation, linear-and non-linear-response dependencies were studied. This can be expected for all types of nutrient-metabolic responses. Therefore, data analysis has to account for two data sets using on the one hand Pearson correlation analysis which is suited for linear-distributed data, and with Mutual Information (MI) content analysis, suited for non-linear correlations as well (Daub et al., 2003) . From this the network features and elements may be deduced (Bray, 2003) . Assuming such a network does not mirror biochemical pathways per se any longer (though it might in part), but rather describes families of co-behaving (coherent) transcripts and/or metabolites (vertices or Fig. 6 . Gridnet representation of dynamic metabolite profiles under sulphur starvation. Metabolite ratios (y-axis, log 10) are plotted versus various time points of sulphur starvation (x-axis) of 1, 3, 6, and 12 h and 2, 6, 10-1, 10-2, and 13 d. The latter time points corresponded to seeds pre-grown for 8 d on sulphur-sufficient medium and then transferred to -S medium and starved for 6 d and '10-1' d, and seeds directly sown to -S medium for '10-2' d and 13 d. Metabolites were sorted along the z-axis according to the respective values at day 13. The colour code stretches from blue via green to orange, i.e. from reduced via unaltered to increased amounts of metabolites. While sulphur and sulphur-containing metabolites were strongly reduced (total plant sulphur, cysteine, glutathione), the precursor of 'sulphur-dependent' biosynthetic steps increased (serine, O-acetylserine, putrescine), while certain of the pathway related metabolites of the aspartate family did not respond (aspartate, threonine, isoleucine, methionine). Tryptophan as auxin and anthocyanin precursor interestingly showed an increase, while lysine showed a decrease. nodes) and their correlation via connecting lines (edges) (Jasny and Ray, 2003) . Typically, biological networks are expected to display inhomogeneous connectivity patterns distinct from a random network (Bray, 2003) with elements of highest connectivity (hubs), while other elements remain lowly connected. These hubs will be points of high interest for further investigations and often do not appear among the usually selected 'top-ten' responders. This will allow the deduction of functional relations from the network. Further, this approach can easily be applied to other nutrient and environmental stresses challenging plant adaptivity, or also to investigations of plant developmental programmes.
Conclusions for systems biology
Plants as living beings are highly complex systems and cannot be described in full detail yet. Usually, cause-andeffect relationships, biochemical-synthesis pathways, developmental programmes, or responses to environmental conditions are described in a way consisting of linear relations or integration of few branches. Inherently, the complexity of biological systems which is due to the multitude of input, intermediate, and output signal steps, leads to a high degree of variations and 'noise', when data are collected and analysed. This, in turn, is also a prerequisite for the flexibility of plant metabolism.
Development of various high-throughput analytical procedures now provides an ever-exploding amount of data and information Kitano, 2002) . The amount, the variability of the data, and the incomparability of experimental conditions provides a challenge for analytical procedures and the data analysis using bioinformatics (Katagiri, 2003) . It is to be expected that the body of cumulating data will give rise to a better understanding of biological systems as a whole and will allow the interpretation and forecast of the responses and manifestations of biological systems (Sweetlove et al., 2003; Alon, 2003; Minorsky, 2003; Bray, 2003) . The goal, eventually, will be to describe the wiring scheme of metabolic and physiological processes in plants (Chong and Ray, 2002; Quackenbush, 2003) or even cross-species (Stuart et al., 2003) . Approaches to the analysis of the response of Arabidopsis thaliana to nutrient starvation were described using sulphate as a model ion to provoke the systems response (Nikiforova et al., 2003; Hirai et al., 2003; MaruyamaNakashita et al., 2003) . This study, as presented here, provides clues on how to convert multiparallel analyses and genomics data into a consistent systems description of sulphur metabolism and physiology.
Plants are, however, exposed to multiple external and internal inputs, i.e. environment and development, which, in addition, vary in time and space. The obvious challenge will be to analyse and integrate the influence of these parameters on the plant system as a whole.
Further to this, systems biology might be helpful in paving new ways to biotechnology and application (Hesse and Höfgen, 2001; Fiehn, 2002; Galili and Höfgen, 2002) .
